Clinical and experimental studies of intrahepatic islet transplantation have allowed histological and systemic observations to be made, but the location of the transplanted islets makes it difficult to assess direct effects on the cells of the liver. An in vitro coculture model of Kupffer cells with islets or pancreatic acinar tissue is described, using porcine tissue and measuring the secretion of thromboxane B 2 , prostaglandin E 2 , 6-ketoprostaglandin F 1α , and prostaglandin F 2α as an indicator of Kupffer cell stimulation. The results have demonstrated activation of Kupffer cells in the presence of acinar or islet tissue, both when the cells were in direct contact and when separated by a membrane. This indicated that the stimulation was due to a soluble factor or factors, and was confirmed by the culture of Kupffer cells with acinar conditioned medium. The degree of stimulation was much greater with acinar tissue than with islets. In subsequent experiments, aprotinin, an enzyme activation inhibitor, was added to the cocultures in an attempt to reduce Kupffer cell activation. This had no effect, possibly due to the fact that the endogenous pancreatic enzymes may already be activated during digestion of the pancreas. Aprotinin alone caused an increase in secretion of eicosanoids from Kupffer cells. The high response to acinar tissue is of particular relevance to islet autotransplantation in which unpurified pancreatic digest is often transplanted. The clinical effectiveness of aprotinin in the light of these results is discussed. In conclusion, although unable to mimic the complex situation following intrahepatic islet transplantation, the coculture model described here allows the opportunity to assess the events relating to specific cell types, and will provide the scope to undertake more detailed studies on the mechanisms involved. The same model could be applied to the coculture of pancreatic tissue with hepatocytes to determine any effects on the normal function of hepatocytes.
INTRODUCTION
There have been very few studies to assess the effects of intrahepatic islet transplantation on the cells in the A large number of both clinical and experimental isliver. Those studies that have been reported have conlet transplants have been undertaken, providing the opcentrated on histological changes seen in the hepatocytes portunity to study the effects of the procedure both in surrounding the islets. These have included hypertrophy situ and systemically. Histological studies have made and hyperplasia of the hepatocytes (9) , vacuolation of reference to the evidence of portal inflammation (24) the hepatocytes that contained large glycogen stores and hepatic primary nonfunction (in the case of a com-(14), and high levels of proliferation in hepatocytes bined islet-liver allotransplant) (23), while others have "down stream" of the islets, with their subsequent apopconcentrated only on the morphology or histology of the tosis (10) . The authors proposed that this was due to the transplanted islets (7, 25) . Hematological studies and rehigh localized levels of insulin secreted by the islets, ports of clinical autotransplants have tended to concendue to the diabetic state of the recipients, following trate on the systemic effects of the transplants, rather transplantation of a suboptimal islet mass. A different than making any specific reference to liver function set of observations has been documented following the (5, 8, 12, 19 ). However, one review article has hypotheintraportal transplantation of "partially purified" islets sized on the fact that the release of enzymes from acinar (11) . These included thrombus formation associated tissue undergoing necrosis could adversely affect the hepwith nonislet tissue, which when large had necrotic hepatocytes (13).
atocytes adjacent to them. Islet tissue tended to be free 102 CLAYTON ET AL.
of any thrombus formation. Occasional small fibrous were pelleted by centrifugation at 100 × g for 5 min. The supernatant was recentrifuged at 500 × g for 3 min, the nodules containing ductal structures were also detected in the interstitial tissue of large portal tracts, and were pellet washed in Geys balanced salt solution + 10% FCS (Sigma), layered onto 16% (w/v) Nycodenz solution thought to represent residual nonislet pancreatic tissue. The authors concluded that impurities in islet transplan-(Nycomed AS, Oslo, Norway), and centrifuged at 600 × g for 20 min (4) . The cells at the interface were retrieved tation are thrombogenic and injurious to the host liver, but that this is apparently reversible as no morphological and washed, and have previously been characterized in our laboratory as predominantly (>90%) Kupffer cells consequences were apparent 2 weeks after transplantation.
(data not included). The cells were plated into six-well culture plates for 15 min, washed three times with cul-Therefore, in order to examine the physiological effects of islet transplantation on the cells of the liver, an ture medium, and cultured in RPMI-1640 + 10% FCS (Life Technologies, Paisley, Scotland) overnight at in vitro coculture model has been developed. Although this model could be applied to assess the effects of islet 37°C, 95% air/5% CO 2 . transplantation on parenchymal hepatocytes, the initial Islet Isolation study has concentrated on the culture of islets and acinar The day after the Kupffer cell isolation, pancreata tissue with Kupffer cells, the resident macrophages preswere retrieved from abattoir pigs and transported to the ent in the hepatic sinusoids. This was to assess whether laboratory in HOC on ice. The organs were digested folthe addition of pancreatic tissue to Kupffer cells in cullowing intraductal distension with collagenase P (1.5 ture caused them to become activated, leading to the mg/ml HBSS; 2 ml HBSS per gram of pancreas; Roche release of inflammatory mediators, for example, cyto-Diagnostics Ltd, Lewes, UK), using the semiautomated kines and eicosanoids (2) , and nitric oxide (1). Clearly, method (20). The islets were purified from the acinar such an activation of Kupffer cells in situ following intissue by large-scale continuous density gradient centritrahepatic islet transplantation could have a considerfugation (21), using a sodium diatrizoate-Ficoll gradient able, detrimental effect on the islets, as cytokines and medium. Islets and acinar tissue were hand-picked under nitric oxide are known to be damaging to islets (15). a dissecting microscope immediately after isolation. This could help to explain why many islet transplants, including autotransplants, which do not have the prob-Cocultures lems of rejection faced by islet allotransplantation, fail to reverse the diabetic state of the recipient (17) . In addi-After approximately 24 h in culture, the medium on the Kupffer cells was changed, and the following cul-tion to the coculture model being able to determine the degree of activation of the Kupffer cells, it could also tures were set up: negative control, KC alone; positive control, KC + 100 µg ml −1 LPS (4); acinar coculture, KC provide a system for testing treatments that may help to prevent or minimize Kupffer cell activation. Develop-+ 50 pieces of acinar tissue; islet coculture, KC + 50 islets. ment of the model has been undertaken with porcine tissue to guarantee the supply of livers and pancreata on
The acinar and islet cocultures were set up in sixwell culture plates with the liver and pancreatic cells sequential days to allow the study to be completed.
in direct contact with each other, and also in six-well
MATERIALS AND METHODS
Transwell  plates with a pore size of 0.4 µm (Costar, Kupffer Cell Isolation High Wycombe, UK). The KCs were plated into the wells and the pancreatic tissue was placed separately in Livers were retrieved from abattoir pigs, perfused with hyperosmolar citrate (HOC; Baxter Healthcare, the insert. The complete experiment was undertaken twice. Following analysis of the culture supernatants Newbury, UK) and transported to the laboratory on ice. The liver digestion method was based on that described from these experiments, additional tests were undertaken to assess the response of Kupffer cells to acinar condi-by Koebe et al. (18) . Briefly, a stock buffer was made (154 mM NaCl, 5.6 mM KCl, 5 mM glucose, 25 mM tioned medium. This was prepared by culturing porcine acinar tissue in RPMI culture medium. After 24 h, the NaHCO 3 , 20 mM HEPES, pH 7.4) and a series of four solutions prepared from this: Buffer I (1 mM EGTA, medium was centrifuged and frozen at −20°C before use. The medium was diluted 1:2 with fresh medium 100 µM dexamethasone); Buffer II (1 mM EGTA); Buffer III (stock buffer); Buffer IV (5 mM CaCl 2 ). The before adding to the plated Kupffer cells. In addition, some of the conditioned medium was filtered through a livers were perfused with the solutions in sequence at 37°C. Collagenase type IV (500 mg in 800 ml buffer; 0.22-µm filter to remove any traces of particulate matter that could cause activation of the Kupffer cells, and Sigma, Poole, UK) was added to the fourth solution to digest the liver. The digest was passed through a series which had not been removed by centrifugation. In a subsequent set of two experiments, six-well cocultures were of three meshes (500, 250, 106 µm), and the hepatocytes prepared, and aprotinin (50 KIU ml −1 ) added to the cul-creased in excess of the positive control. With the exception of PGF 2α , acinar tissue always provoked a much ture medium.
greater response from the Kupffer cells than the islets, Assays whether cocultured in direct contact or in Transwell  After 24 h of coculture, the medium was collected plates. The effect of direct or membrane-separated cofrom the plates, centrifuged, and frozen at −80°C. The culture appears variable. For the KC-acinar cocultures, samples were assayed for the presence of thromboxane there is evidence of a reduction of TxB 2 and PGE 2 secre-B 2 (TxB 2 ), prostaglandin E 2 (PGE 2 ), 6-keto-prostaglantion when the tissues are separated. However, in both din-F 1α (6-keto-PGF 1α ), and prostaglandin F 2α (PGF 2α ) cases, the rate of secretion in the Transwell  cocultures using ELISA kits (R&D Systems, Abingdon, UK). All is still much greater than from the positive controls. of these have previously been demonstrated to be re-With the KC-islet cocultures, PGE 2 and PGF 2α secreleased by Kupffer cells in response to endotoxic shock tions appear to be reduced in the Transwell  cultures, (3, 4) . In order to generate a sufficient volume of mealthough in both cases the secretion rate is similar to dium for all the assays (with the possibility of repeat that of the LPS-stimulated Kupffer cells. assays), the medium from two wells was combined, giv-Effect of Acinar Conditioned Medium on Kupffer Cells ing triplicate samples per experimental group. Figure 2 shows the secretion of the four eicoanoids Statistical Analysis from Kupffer cells when cultured in acinar conditioned It was not possible to perform any statistical analysis medium. In each case, the secretion rate was signifion the data generated in the study for the coculture excantly increased when conditioned medium was used, periments with islets and acinar tissue, as samples were relative to the negative controls (p values included on only available in triplicate for each experimental group. graphs in Fig. 2 ). The stimulation of secretion was This was due to limitations in the number of Kupffer slightly reduced when the conditioned medium was filcells it was possible to isolate, together with the volume tered, although this reduction did not reach statistical of medium required for the series of assays undertaken. significance for any of the eicosanoids. However, the results from the duplicate experiments
Effect of Aprotinin in Cocultures demonstrated the same trends for all the results.
In the experiments with conditioned medium, fewer Figure 3 shows the secretion of the four eicosanoids experimental groups were required and, as a result, six from Kupffer cells cultured with either acinar tissue or replicate samples per group were assayed. Analysis of islets in six-well plates, when aprotinin was added. As variance and subsequent t-tests were performed on the stated above, control samples of acinar or islet tissue data to determine any differences between the secretion alone, and with aprotinin, were always assayed, but the rates from the Kupffer cells.
data have not been included due to the very low or undetectable levels.
RESULTS
The data have demonstrated that the addition of Effect of Islets and Acinar Tissue on Kupffer Cells aprotinin alone to KCs caused an increase in secretion of all the eicosanoids. A similar increase in all secretion Figure 1 shows the results of the secretion of TxB 2 , rates was also seen when aprotinin was added to the PGE 2 , 6-keto-PGF 1α , and PGF 2α from porcine Kupffer KC-islet cocultures, and for TxB 2 and PGF 2α in the cells following 24 h of coculture with islets or acinar KC-acinar cocultures. tissue, either in direct contact (six-well plates) or in Transwell  culture plates. In each case, control samples DISCUSSION collected from acinar tissue or islets alone were also assayed. The results demonstrated undetectable or negligi-Islet transplantation is a procedure undertaken in many centers around the world as a treatment for insu-ble concentrations of eicosanoids, and these data have not been included on the graphs. In each experiment, lin-dependent diabetes mellitus, and is combined with pancreatectomy in the management of patients with medium from Kupffer cells alone (negative control) and LPS-stimulated Kupffer cells (positive control) were al-chronic pancreatitis. However, despite the success seen with small-animal models of islet transplantation, a sim-ways assessed to confirm the viability of the KC preparation.
ilar success rate has proven elusive in the clinical setting. The International Islet Transplant Registry (17) has The data demonstrated that the Kupffer cells were viable, as the secretion rate was increased in the positive calculated that if the patients in which all four criteria determined to give the greatest chance of a successful controls relative to the Kupffer cells alone. However, when either acinar or islet tissue was added, the secre-islet allotransplant are studied, only 22% are insulin independent 1 year posttransplant. However, if all the 200 tions of PGE 2 , 6-keto-PGF 1α , and PGF 2α were all in- patients transplanted between 1990 and 1997 are as-ators when stimulated (2) . These include cytokines and nitric oxide, known to be damaging to islets (15), and sessed, this figure drops to 8%. For islet autotransplants, the success rate is higher at 50% over the same period eicosanoids. The effect of the latter on islets is not clear, with conflicting results suggesting a beneficial effect in (25 out of 50 well-documented cases), with a further improvement to 71% insulin independence at 1 year if some conditions and an inhibition of insulin secretion in others (6) . In addition, there is also the reciprocal effect only those patients receiving more than 300,000 islet equivalents are included.
of the islet transplant on the various cell types of the liver. It has been suggested that high, localized levels of One of the problems with intrahepatic islet transplantation is the relative inaccessibility of the site to allow insulin around the transplant site could result in alterations to the morphology of hepatocytes (9,10,14), al-close monitoring of the transplant environment. Consequently, most studies of clinical islet grafts have been though this effect was associated with the transplantation of suboptimal numbers of islets, and was reversed restricted to histological studies, occasionally from biopsies (24), but also following liver failure (in the case of to normal within about 3 weeks. When considering the effect of islet transplantation a combined liver-islet transplant) (23) or patient death (12,25), or to sampling of venous blood, which can be on the liver, it should be remembered that there will always be some contamination of islets with pancreatic analyzed for mediators that may adversely affect the graft (8) . Realistically, more detailed information, either acinar tissue, and that with many islet autotransplants, it is the unpurified pancreatic digest that is transplanted as histological time course studies or routine sampling of blood from the hepatic circulation, could only be per-back into the patient (22). Transplantation of tissue into the portal vein is likely to contribute to the portal hyper-formed in animal models.
The concept of studying the environment of trans-tension often observed during islet infusion, due to the resulting mechanical obstruction (13). In addition, it is planted islets within the liver is a relevant one, as the liver sinusoids provide a potentially hostile environment thought to be thrombogenic (13) which would potentially increase this effect. Reports of severe, and in some for islets. This is due to the presence of the resident macrophages, Kupffer cells, and the sinusoidal endothe-cases fatal, portal hypertension with disseminated intravascular coagulation have been made (5, 12, 19) . A study lial cells, which release a variety of inflammatory medi- instigated to identify the causes of these problems found study has concentrated on the action of Kupffer cells in the presence of islets and acinar tissue. This was consid-that the addition of heparin and Trasylol (aprotinin) to the pancreatic digest prior to autotransplantation in dogs ered to be of greater importance, because of the role of Kupffer cells in the secretion of inflammatory media-had a significant beneficial effect on portal pressure and a number of hematological parameters (19). This was tors, and the implications that the release of these in response to the presence of islets and acinar tissue could reflected in subsequent clinical autotransplant procedures in which the same treatment was used. However, have on clinical islet transplant graft function. Unfortunately, at the time the study was undertaken, it was not further work has suggested that there are species differences in the efficacy of aprotinin in reducing the sys-possible to assay porcine samples for cytokines, despite an exhaustive search for the appropriate materials. In temic effects of islet transplantation, with no beneficial effect apparent in monkeys, and only a partial effect in addition, there would not have been sufficient, if any, cross-reactivity with human cytokine assay systems to dogs (26). The authors commented that if primate and human responses were similar, aprotinin and/or heparin allow these to be used as an alternative. However, assay kits for the eicosanoids were available, and had suffi-would be unable to prevent the transient shock in clinical transplantation.
cient cross-reactivity with the porcine samples. The effects of eicosanoids have been well documented and in-It was apparent, therefore, that there was relatively little information available relating to the direct effects clude a number of pathophysiological actions during endotoxic shock (3). These were, therefore, considered of islet transplantation on the various types of liver cell, and in order to study this in greater detail, the coculture to be a suitable and relevant measure of Kupffer cell activation in the porcine system. model described in this article was developed. Although the system could be applied to the coculture of pancre-Although it was not possible to undertake statistical analysis on the data generated in this study, due to the atic tissue with parenchymal hepatocytes, the initial (2) . It is of interest to note that, with the exception of PGF 2α , the effect of the are representative of the data from the duplicate experiment (data not shown). The addition of acinar tissue to islets was much less than that of acinar tissue. This observation was consistent with the results of the studies the Kupffer cells caused a massive increase in secretion of all the eicosanoids measured, and this increase was discussed above, in which the autotransplantation of unpurified pancreatic digest caused some severe effects seen regardless of whether the cells were cultured in direct contact or separated by a membrane. There was a (5, 12, 19) , with the implication that the contaminating acinar tissue significantly contributed to the problems. slight decrease in TxB 2 and PGE 2 secretion in the Transwell  cocultures, but the secretion rate far exceeded that
The second set of experiments, depicted in Figure 3 , was undertaken to determine whether the addition of of the positive control in both cases. This would suggest that the major cause of Kupffer cell stimulation was due aprotinin to the cocultures would reduce the stimulatory effect on the Kupffer cells of the presence of islets or to a soluble factor or factors capable of crossing the 0.4µm membrane, with only a small increase due the juxta-acinar tissue. These data have demonstrated an interesting outcome, in that the addition of aprotinin caused an position of the cells. The role of soluble factors in the stimulation of Kupffer cells has been confirmed by the increase in Kupffer cell stimulation. This effect was apparent for each eicosanoid measured, and for almost ev-results of the use of conditioned medium (Fig. 2) . The slight, nonsignificant reduction in stimulation of the ery experimental group. Aprotinin was added to the cocultures to try to reduce the degree of stimulation of cells when the conditioned medium was filtered may indicate a minor effect resulting from particulate matter, the Kupffer cells that had occurred in the first set of experiments (Fig. 1) when acinar tissue was added. The but confirmed a major role of soluble factors in this response. These factors could be digestive enzymes nor-rationale for this was that aprotinin is an inhibitor of enzyme activation, and it was considered that the in-mally secreted by the acinar tissue, pancreatic shock factor, already determined to cause portal hypertension in creased release of eicosanoids in the presence of acinar tissue could have been in response to enzymes secreted animal models of islet autotransplantation (26), or a from the tissue, as explained above. It was also thought including a positive control to confirm the viability of the cells from every isolation. The study discussed that a reduction in Kupffer cell activation in vitro would confirm the role aprotinin has to play in clinical islet above regarding the activation of pancreatic enzymes during digestion of the organ demonstrated huge varia-autotransplantation (19). In fact, the results of our study are more in line with previous findings (26), in which tions between pancreata, even though the experimental parameters were consistent in each case (28) , and could the beneficial effects of aprotinin in counteracting the effects of transplanted pancreatic digest were found to help to explain the differences in Kupffer cell activation by acinar tissue in our study. However, for each eicosa-exhibit species-dependent variability, even though the greatest effect was seen in the pig. However, the role noid, the secretion rate was always increased in the presence of acinar tissue, when compared with the negative that aprotinin may play in preventing the thrombogenic effects of infusion of pancreatic digest into the portal control (Kupffer cells alone), demonstrating that the tissue was having a definite stimulatory effect. vein (19) indicates the importance of its continued use during islet autotransplantation, especially in cases where Finally, there is another element that could have played a role in these experiments, which has not yet unpurified pancreatic digest is used.
There are factors that could explain why aprotinin did been discussed. In each experiment, the liver and pancreas were retrieved on consecutive days from different not have the expected effect of reducing Kupffer cell stimulation. If, as had been hypothesized, pancreatic aci-animals. The experiments were planned in this way on logistical grounds, as it would not have been possible to nar enzymes were responsible for the activation of Kupffer cells, aprotinin may have been ineffective due to the process both organs at the same time, and the inevitable increase in cold ischemia time that would have been ex-activated state these may have already been in. It has previously been demonstrated that endogenous pancre-perienced by the second organ to be digested could have affected the outcome. In addition, it has been docu-atic enzymes may become activated during collagenase digestion of the pancreas (28) , confirming that aprotinin mented (27) , and is our own experience, that pancreatic acinar tissue often does not survive well in culture, a would not reduce any stimulatory effect they may have. Addition of the aprotinin, or some other enzyme inhibi-factor that would have potentially caused difficulty in hand-picking the tissue to add to the Kupffer cells the tor, to the pancreas during the digestion process may be necessary for any beneficial effect on the prevention of following day. Clearly, the use of organs from two different animals could further complicate the reactions oc-pancreatic enzyme activation to become apparent (16). Another factor may have been the concentration of curring in the cocultures by introducing the possibility of allogeneic responses. However, the great increase in aprotinin used. The concentration of 50 KIU ml −1 aprotinin was based on the use of this inhibitor in an unrelated eicosanoid secretion from the Kupffer cells in response to acinar tissue placed in the Transwell  inserts is un-study in our laboratory (unpublished data). However, this was fourfold lower than the 200 U ml −1 used to dem-likely to have occurred if allogeneic antigens were essential for activation. onstrate the beneficial effect of aprotinin on reducing portal hypertension and disseminated intravascular coag-
In conclusion, we have developed a coculture model of intrahepatic islet transplantation, which has allowed ulation in dogs undergoing islet autotransplantation (19). Titration studies using much higher concentrations of us to study the specific effects of islets and pancreatic acinar tissue on Kupffer cells. These have demonstrated aprotinin may be able to demonstrate the expected protective effect, although with the stimulation of the Kupf-a massive release of potentially damaging eicosanoids from the Kupffer cells in response to acinar tissue, and fer cells in the presence of aprotinin alone, increased concentrations may contribute to a further increase in a less marked response in the presence of islets.
Although it was not possible to measure them, it is rea-the degree of activation.
One factor in the results that should be highlighted is sonable to assume that cytokines, also known to be damaging to islets, were released. A similar degree of activa-that if Figure 1 is compared with Figures 2 and 3 , the relative effect of LPS stimulation (positive control) on tion was seen regardless of whether the Kupffer cells and pancreatic tissue were cultured in direct contact, or the Kupffer cells is much higher in the later experiments. As a consequence, when these results are com-separated by a membrane, indicating that a significant contribution to the stimulation was from a soluble factor pared with the effect of acinar tissue, the latter has produced the much lower level of stimulation. The only or factors. This was confirmed by experiments in which Kupffer cells were cultured with acinar conditioned me-explanation that can be offered for the inconsistency in the results is that both the Kupffer cells and the pancre-dium. Attempts to reduce the stimulation by the addition of aprotinin, an enzyme activation inhibitor, were unsuc-atic tissue are primary cells isolated on different occasions, rather than cell lines that produce consistent, re-cessful, and in fact this compound also caused stimulation of the Kupffer cells. The authors acknowledge that, producible results. This highlights the importance of antees reproducible, high porcine islet yields. Xenotransplantation 1:66-68; 1994.
